Summary Populus cathayana Rehd., a dioecious tree species, is widely distributed in the northern, central and southwestern regions of China. In poplars, Melampsora laricipopulina Kleb. is mainly responsible for rust disease, which is considered to be the world's most important disease of poplars. Yet, little is known about sex-related responses to rust disease in poplars. The purpose of this work was to determine whether sexually different responses occur in the antioxidant system of poplars after infection by rust disease. Threemonth-old male and female P. cathayana individuals were inoculated with M. larici-populina in a greenhouse. After 12 days of incubation, we investigated the changes in physiology, biochemistry, enzyme activities and isozyme profiles. It was discovered that (i) leaf rust disease inhibited photosynthesis, caused oxidative stress and cellular membrane damage and changed antioxidant enzyme activities and isozyme profiles in poplar leaves; (ii) male poplars suffered from lower infection levels and less negative effects of leaf rust disease than did females; (iii) males showed higher antioxidant activities and less H 2 O 2 accumulation than did females after being infected by leaf rust. Thus, our results indicate that leaf rust disease is more severe in female poplars, and they suffer from greater negative effects than do males. This is the first report about sexually different responses of poplars in the antioxidant reactions to rust disease. It offers some useful information about the effect of leaf rust on dioecious plants, especially on dioecious woody plants.
Introduction
Rust disease is one of the economically most important diseases in many trees, such as poplar, willow, coffee and pine (Åhman 1997 , Kinloch 2000 , Melo et al. 2006 , Feau et al. 2007 ). The basidiomycete Melampsora larici-populina Kleb. is responsible for the leaf rust disease in poplar species. These strictly biotrophic pathogens depend on the host's living tissue for their development, proliferation and reproduction. They invade the host cells and deplete their sugars and nutrients, subsequently leading to a decrease in stem diameter growth, early defoliation, predisposition to other insect and disease pests and even plant death (Feau et al. 2007 ). In many regions of the world, it has caused severe economic losses in poplar plantations. When poplar leaves are infected by M. larici-populina, there occurs a series of gene expression changes, which have been examined by transcription profiling in order to reveal the key processes governing defense mechanisms (Rinaldi et al. 2007) . Genomics research on poplars has attempted to connect the chromosomal regions for qualitative and quantitative disease resistance with genes encoding resistance or signaling proteins Bastien 2004, Jorge et al. 2005) . Additionally, a series of pathogenspecific primers have been developed to detect pathogen growth in hosts (Boyle et al. 2005 , Rinaldi et al. 2007 ). However, the molecular biology and biochemistry of these resistances remain unknown. In order to better understand the pathogen-host interaction and to obtain more information on these resistances, physiological and biochemical studies are necessary.
Pathogen invasions have the potential to impact a wide array of physiological processes of plants including increases in thiobarbituric acid reactive substances (TBARS) and relative electrolyte leakage (REL) of cellular membrane and de-creases in net photosynthetic rate (P n ) and stomatal conductance (G s ). Such physiological reflections are complicated and relate to the severity of the disease. Especially the model P x /P 0 = (1 − x) β , developed by Bastiaans (1991) , has been used to characterize the relationship between relative net photosynthetic rate (P x /P 0 ) and disease severity (x) in several pathogens and hosts (de Jesus 2001 , Lopes and Berger 2001 , Robert et al. 2005 ).
The accumulation of reactive oxygen species (ROS) is one of the most important events when plants suffer from stress, as ROS are considered as stress signaling molecules. However, the superfluous accumulation of ROS will create cytotoxic conditions including oxidative damage to lipids, proteins and nucleic acids (Mittler 2002) . To reduce negative consequences, plants have evolved various enzymatic antioxidants. Superoxide dismutase (SOD, EC 1.15.1.1) catalyzes the dismutation of superoxide radicals (O 2 − ) to O 2 and H 2 O 2 in the cytosol, chloroplasts and mitochondria. H 2 O 2 is then detoxified by catalase (CAT, EC 1.11.1.6) in peroxisomes and/or ascorbate peroxidase (APX, EC 1.11.1.11) in the cytosol, chloroplasts, mitochondria, peroxisomes and apoplastic space (Jiménez et al. 1997 , Diaz-Vivancos et al. 2006 . Peroxidase (POD, EC 1.11.1.7) is mainly located in the apoplastic space and vacuole it also plays an important role in catalysing the reduction of H 2 O 2 to H 2 O and O 2 . Polyphenoloxidase (PPO, EC 1.14.18.1 or EC 1.10.3.2) catalyzes the hydroxylation of monophenols to o-diphenols and their oxidation to odiquinones. It probably plays an important role in inhibiting pathogen growth in vivo (Mayer and Harel 1979) . Previous studies have indicated that these enzyme activities and isozyme profiles would change in plant leaves after pathogen invasion (Hernández et al. 2004 , Melo et al. 2006 , Thamayanthi et al. 2007 ). However, it is still unknown whether there are differences in the reactions of male and female poplar leaves when suffering from invasion by M. larici-populina. During recent years, differences between the sexes of dioecious plants have been an interesting topic for researchers. Many morphological, physiological and ecological differences between males and females have been observed in a number of dioecious species in relation to environmental stresses (Espirito-Santo et al. 2003 , Li et al. 2007 , Letts et al. 2008 . It has been discovered that in most dioecious species females are more common on high-resource microsites, while males are more common on low-resource microsites (Dawson and Ehleringer 1993 , Jones et al. 1999 , Stehlik et al. 2008 ). This observation indicates that male plants may be more tolerant to environmental stresses than females. However, past research on sexual differences in stress tolerance has mainly focused on abiotic stresses. Knowledge about differences between male and female plants exposed to biotic stresses is very scarce. Our foregoing research has shown that male and female cuttings of Populus cathayana Rehd. express different adaptability to drought stress and elevated temperature (Xu et al. 2008a (Xu et al. , 2008b . Åhman (1997) has reported that Salix viminalis L. females show greater rust damage than do male plants during a non-reproductive stage. However, it is less known whether male and female poplars express different responses to rust disease. We hypothesize that there is a large set of different physiological and biochemical changes in males and females when exposed to rust disease and that these sex-related reactions reflect differences in disease resistance. Therefore, our objectives are (i) to investigate how these physiological parameters, especially those related to antioxidant enzymes, change in the leaves of male and female poplars after infection by M. larici-populina and (ii) to determine which gender is more resistant to rust disease.
Materials and methods

Plant materials and experimental design
Male and female cuttings of P. cathayana were collected from 60 different trees (60 genotypes) sampled in 15 populations (four adult trees with the same age stage per population), including 30 males and 30 females, in riparian and valley flat habitats (Datong, 35°56′ N, 101°35′ E) in the Qinghai Province, China. The mean altitude and annual rainfall in the area are 2450 m and 550 mm, respectively. The cuttings were planted in agricultural land at the Maoxian Field Ecological Station in March 2008. After sprouting and growing for about 2 months, 80 healthy cuttings (40 males and 40 females) with approximately the same crown size and equal height were chosen and replanted in 10-l plastic pots filled with 8 kg homogenized soil (one cutting per pot), which was sieved surface sandy soil (0-30 cm) of the experimental site.
The experimental layout was completely randomized with two main factors (sex and disease regime). Each regime included 25 male and 25 female individuals (five genotypes per sex). Five replicates, five cuttings in each replicate, were used to minimize random errors. After the cuttings had grown to the height of about 60 cm, suspended urediniospores of M. larici-populina in water-agar (0.05 g l −1 ) were sprayed onto the abaxial surface of the fourth and fifth fully expanded leaves from the top of the plants. Spores of M. larici-populina had been previously collected from diseased poplars and kept in dry atmosphere at 1°C till they were used. The sprayed concentration was adjusted to 1 × 10 5 viable spores per milliliter. This is an appropriate infection density to P. cathayana, which is determined in a pre-experiment including a gradient of several densities (data not shown). Control leaves were sprayed with water-agar. After inoculation, each plant was enclosed in a clear plastic bag that served as a dew chamber for 24 h; after that the plastic bags were taken away. The treated and control plants were separated. All cuttings were kept under naturally lit and well-watered conditions in a semi-controlled greenhouse environment (controlled temperature and humidity). The day/night temperature was 14/28°C, and the relative air humidity was 70%. After about 1 week's inoculation, yellow rust pustules were found to cover the abaxial surface of leaves. Twelve days after inoculation, when the symptoms of the two sexes showed obvious differences (Figure 1 ), leaves were harvested for physiological and biochemical measurements and isozyme analysis. In order to eliminate the effect of genotype, we paid special attention to sampling. Infected and control plants of each sex included five replicates; each replicate included five leaves collected separately from five genotypes. The harvested leaves were first washed using 10% NP40 and distilled water to remove the spores and impurities, then immediately frozen in liquid nitrogen and kept at −80°C.
Chlorophyll fluorescence measurements
Ten leaves from infected or control plants of each sex (one genotype including two leaves) were selected for chlorophyll fluorescence measurements. First, leaf samples were placed in the dark for 30 min using an aluminum foil cover. The minimal fluorescence yield (F o ) and the maximal fluorescence yield (F m ) were measured. Then, the leaves were exposed to about 250 μmol m −2 s −1 light intensity which is the light intensity inside the greenhouse at the measured time. Then, fluorescence yields, including minimal fluorescence (F o ′) and maximal fluorescence (F m ′), were measured under actinic light. A saturating white light pulse of 8000 μmol m −2 s −1 was applied for 0.8 s when F m and F m ′ were measured. Measurements were carried out from 08:00 to 09:30. The calculation formulas were the following:
Leaf gas exchange measurements
After chlorophyll fluorescence measurements, the trees were given at least 1 h light illumination. Then, P n , G s , transpiration (E) and intercellular CO 2 concentration (C i ) were measured using a portable photosynthesis measuring system, LI-COR 6400 (LI-COR Inc. Lincoln, NE). On the experimental site at the altitude of 2400 m, the approximately optimal parameters were as follows: leaf temperature 28°C, leaf-air vapor pressure deficit 1.5 ± 0.5 kPa, relative air humidity 70%, photosynthetic photon flux density (PPFD) 1400 μmol m −2 s −1
and ambient CO 2 concentration 350 ± 5 (μmol mol
), which is close to the atmospheric CO 2 concentration.
Severity estimates of rust disease
Rust disease severity is expressed as the proportion of leaf area covered with rust pustules of the total leaf area. Ten leaves from infected or control plants of each sex (each genotype including two leaves) were collected at the 12th day of inoculation with M. larici-populina for the investigation of disease severity. Photographs were taken from the fourth and fifth diseased leaves using a digital camera. The total leaf area and area affected by rust of each leaf were estimated using Assess image analysis software (St Paul, MN) . Furthermore, to quantify the effect of rust disease to the net photosynthetic rate of a leaf, Bastiaans's model P x /P 0 = (1 − x) β was applied. Here, P x /P 0 represents the mean relative net photosynthesis, x represents the percentage of pustulecovered area of total leaf area and the value β indicates whether the effect of rust disease on photosynthesis is higher (β > 1), lower (β < 1) or equal (β = 1) when compared to the pustule-covered area.
Quantitative polymerase chain reaction for pathogen DNA Assuming that the proportion of fungal and plant biomass present at any given time during an infection is equivalent to the proportion of fungal and plant DNA, quantification of fungal DNA in vivo can be used to estimate the extent of fungal growth in the plant. Thus, total plant DNA was extracted from leaf tissues with the Plant DNease kit (TaKaRa, Dalian, China) from 100 mg of frozen materials. Pure fungal DNA was extracted from 20 mg of lyophilized spores with the Bacterial DNease kit (TaKaRa, Dalian, China). RNA was removed by the addition of ribonuclease A (TaKaRa, Dalian, China) during DNA extraction. DNA concentrations were determined by a spectrophotometric method. One OD 260 absorption value was equivalent to 50 μg ml −1 of doublestranded DNA. We used fungal pathogen-specific primers of nuclear ribosomal DNA (rDNA) internal transcribed spacer (ITS) for quantitative polymerase chain reaction (qPCR). This primer pair, including the sense primer TGAGCGACTTTAATGT-GACTC and the anti-sense primer ATGTAAATCAAAGTT-GCCTTTGCG, has been demonstrated to be fungal-specific in rust-diseased poplars (Boyle et al. 2005) . Ten nanograms of total DNA were used in each qPCR. Amplifications were performed in 1× iQ SYBR Green mixture (Bio-Rad) with 0.3 mM of specific primers using an Opticon Monitor 3 DNA engine (Bio-Rad). The program was as follows: an initial activation step for 3 min at 95°C, followed by 40 cycles of denaturation for 20 s at 94°C, annealing for 1 min at 58°C and extension for 30 s at 72°C. A single fluorescent reading was obtained after each cycle immediately following the extension at 72°C. A melting curve was determined at the end of the cycling to ensure that there was a single amplification. Cycle threshold (C t ) values were determined with the Opticon Monitor 3.1.32 software. Amplifications were carried out in triplicates for each sample, and a statistical analysis (t test) based on ΔC t curves was performed. The quantified pure pathogen DNA was diluted into different concentrations to make a standard curve. Using this standard curve, C t values were converted to pathogen DNA mass.
Superoxide radical and hydrogen peroxide measurements
Measurement of O 2
− followed the method of Lei et al. (2006) with some modifications. Samples reacted with 1 ml hydroxylamine hydrochloride for 1 h, then 1 ml p-aminobenzene sulfonic acid and 1 ml α-naphthylamine were added. The solution was kept at 25°C for 20 min. The mixture was measured under 530 nm using NaNO 2 as the standard curve. Controls or blanks in the presence of SOD and MnCl 2 (scavengers of O 2 − ) were also performed simultaneously by adding 100 U of SOD and 10 mM of MnCl 2 into the sample buffer. The H 2 O 2 content was determined as a H 2 O 2 -titanium complex resulting from the reaction of tissue-H 2 O 2 with titanium tetrachloride. Control or blank for H 2 O 2 measurement was performed in the presence of 10 mM ascorbic acid (AsA) in the sample buffer.
Relative electrolyte leakage measurements
Fifteen freshly cut leaf discs (0.5 cm in diameter) taken from at least five leaves were washed and incubated in tubes with 10 ml of deionized water at 25°C for 6 h. The electrical conductivity of the bathing solution (C 1 ) was determined using a conductivity instrument (LC116, MettlerToledo Instruments Co., Ltd, Shanghai, China). Then, the tubes were incubated in a boiling water bath (100°C) for 25 min. After cooling to room temperature, the total electrical conductivity (C 2 ) was measured. Ion leakage was calculated using the following equation: REL (%) = (C 1 /C 2 ) × 100.
Lipid peroxidation measurements
Lipid peroxidation was estimated by measuring the content of TBARS in leaf homogenates following the description of Hodges et al. (1999) . Leaves (1 g leaves) were homogenized in 10 ml 80:20 (v/v) ethanol:water, then centrifuged at 12,000g for 10 min. A 2-ml sample of supernatant was added to a test tube with 2 ml of either (i) a solution containing 20.0% (w/v) trichloroacetic acid and 0.01% butylated hydroxytoluene or (ii) the above solution plus 0.6% thiobarbituric acid. Here, solution (i) was used to eliminate the effect of interfering compounds of plant leaves to the absorbance as a negative control. The mixture was heated in boiling water for 15 min and then quickly cooled in an ice bath. After centrifugation at 12,000g for 10 min, the absorbance of the supernatant was determined at 450, 532 and 600 nm using a spectrometer (Unicam UV-330, Unicam, Cambridge, UK). Extraction solvent was used as the background probe. The TBARS content was determined as described by Hodges et al. (1999) .
Chlorophyll pigment measurements
Samples (1 g leaves) were homogenized in chilled 80% (v/v) acetone overnight in the dark, and the homogenates were centrifuged at 10,000g for 10 min at 4°C. The absorbance of the acetone extracts was measured at 663, 645 and 470 nm. The content of chlorophyll a (Chl a), chlorophyll b (Chl b), carotenoids (Caro) and total chlorophyll (Chl) were calculated as described by Lichtenthaler (1987) .
Enzyme extractions
Samples (0.5 g leaves) were ground in liquid nitrogen and extracted with 50 mM potassium phosphate buffer (pH 7.8) containing 0.1 mM EDTA, 1% (w/v) polyvinyl pyrrolidone (PVP), 0.1 mM phenylmethane sulfonyl fluoride solution (PMSF) and 0.2% (v/v) Triton X100 for the measurements of SOD, POD and CAT. For PPO, potassium phosphate buffer (pH 5.5) was used. For APX, 20 mM ascorbate was included in the extraction buffer. The extracts were centrifuged at 12,000g, 4°C for 15 min. The supernatants were used for the enzyme activity assays and gel electrophoresis. All operations were performed at 0-4°C.
Enzyme activity measurements
The total SOD activity was determined by measuring its ability to inhibit photochemical reduction of nitroblue tetrazolium (NBT) as described by Beauchamp and Fridovich (1971) . The reaction mixture with a total volume of 3 ml contained 0.3 ml each of 20 μM riboflavin, 150 mM L-methionine, 600 μM NBT and enzyme extract containing 100 μg protein. The reaction was started with the addition of riboflavin and carried out for 20 min under irradiance of 170 μmol photons m −2 s −1 provided by a white fluorescent lamp. A system devoid of enzymes served as a negative control. One unit of SOD activity was defined as the amount of enzyme required to cause 50% inhibition of the reduction of NBT when monitored at 560 nm. APX activity assay was conducted as described by Nakano and Asada (1981) . The reaction mixture contained 50 mM phosphate buffer (pH 7.0), 1 mM sodium ascorbate and enzyme extract containing 100 μg proteins in a final volume of 1 ml. The reaction was started by the addition of 0.5 mM H 2 O 2 . The decrease in the concentration of ascorbate was recorded at 290 nm. The enzyme activity was calculated from the initial rate of the reaction using the extinction coefficient of ascorbate (2.8 mM −1 cm −1 at 290 nm).
CAT activity was detected at 240 nm in 2 ml of 50 mM potassium phosphate buffer (pH 7.8) with 3 mM H 2 O 2 and enzyme extract containing 100 μg proteins. The enzyme activity was calculated from the initial rate of the enzyme using the extinction coefficient of H 2 O 2 of 40 mM −1 cm −1 at 240 nm. POD activity was assayed in 2 ml of 100 mM potassium phosphate buffer (pH 6.5) containing 40 mM guaiacol, 10 mM H 2 O 2 and enzyme extract containing 100 μg proteins at 25°C in a spectrophotometer at 436 nm. Activity was based on the rate of tetraguaiacol production using an extinction coefficient of 25.5 mM
. PPO activity was determined by measuring O 2 consumption with an O 2 electrode (Hansatech) at 25°C. The reaction mixture with a final volume of 5.0 ml contained 0.1 M catecho, 100 mM sodium phosphate buffer (pH 5.5) and enzyme extract containing 100 μg proteins. The reaction was started by the addition of the enzyme extract. The rate of O 2 consumption over the first minute was used to calculate the enzyme activity. The activity was expressed in O 2 μl min
Isozyme assays
Isozymes were separated on a 7-10% (Tris buffer pH 8.8) non-denaturing polyacrylamide gel and 3% (Tris buffer pH 6.8) stacking gel at 4°C. Every lane was loaded with the same amount of total protein. It was 10 μg for POD and 25 μg for SOD, APX and PPO per sample. Protein quantities were estimated according to the method of Bradford (1976) . Electrophoretograms were analyzed for the number of bands, relative mobility (R f ) and staining intensity. For SOD isozyme staining, firstly, gels were soaked in 100 ml of staining solution containing 50 mM NaPO 4 buffer (pH 7.5) and NBT (200 mg) for 20 min in the dark. Then, 100 ml of solution containing 50 mM sodium phosphate buffer (pH 7.5), tetramethylethylenediamine (TEMED) (0.4 ml) and riboflavin (1 mg l −1 ) were used to incubate gels for 15 min under 40-W illumination until the bands were visualized. Individual SOD isozymes were identified by specific inhibition assays according to the methods of Hernández et al. (2001) . Cu/Zn-containing enzymes were inhibited by KCN and inactivated by H 2 O 2 , whereas Mn-SOD was resistant to both KCN and H 2 O 2 . For APX isozymes, the carrier buffer contained 2 mM ascorbate. Staining was followed by the method of Mittler and Zilinskas (1993) . First, gels were immersed in 50 mM sodium phosphate buffer (pH 7.0) containing 2 mM ascorbate for 30 min. Then, they were incubated in 50 mM sodium phosphate buffer containing 4 mM ascorbate and 2 mM H 2 O 2 for 20 min. Finally, bands were visualized following immersion in 50 mM sodium phosphate buffer (pH 7.8) containing 28 mM TEMED and 2.45 mM NBT. POD was visualized by staining the gel in 200 mM staining solution containing 2% benzidine, 4% ammonium chloride, 5% EDTA, 0.3% H 2 O 2 and distilled water, which were mixed together with the ratio of 1:2:2:2:3 (v/v) for about 5-10 min. For PPO, the gels were stained in the mixture of 0.06% o-phenylenediamine, 1% o-dihydroxybenzene and potassium phosphate buffer (pH 6.8) with the ratio of 1:3:1 (v/v) for 30 min. The software of Quantity One (Bio-Rad), with some manual modifications, was used to analyze the isozymatic profiles based on the area and intensity of each isoform on a gel. The trace quantities, namely the quantity of a band as measured by the area under its intensity profile curve, were chosen from the analysis reports as the parameters to be compared.
Statistical analyses
For gas exchange, chlorophyll fluorescence and rust disease severity measurements, at least 10 leaves were used. For physiological and biochemical measurements, five replicates were used, and each replicate was assayed in triplicate. Means of five replicates were expressed with their standard error. The analyses were performed with the general linear ANOVA model (GLM) procedure of SPSS 11.0 (SPSS Inc., Chicago, IL). Before ANOVA, data were checked for normality and the homogeneity of variances. Log-transformed data were used to correct deviations when needed. Post hoc comparisons were tested using the Tukey or t test at a significance level of P ≤ 0.05.
Results
Comparison between sexes in chlorophyll fluorescence and chlorophyll pigments
Several chlorophyll fluorescence parameters, including photochemical quantum yield of PSII (F v /F m ) and nonphotochemical quenching coefficient (NPQ), showed no differences between males and females under control conditions. However, under disease conditions, F v /F m and NPQ showed sexual differences. F v /F m decreased more in females (from 0.84 to 0.78), while NPQ increased more in males (from 0.06 to 0.11). For chlorophyll pigments, control males showed a higher Caro content than did control females. However, there were no significant disease effects on either sex, except for Chl a decreasing in diseased females (from 1.30 to 1.27 mg g Fw ) ( Table 1) .
Comparison between sexes in gas exchange and disease severity
As shown in Table 1 , there were no differences in P n , G s , C i and E between the two sexes under control conditions. However, under disease conditions, P n , G s and E decreased in both sexes, but females showed lower values than did males. The C i value decreased only in females. The mean x in males and females was 0.19 and 0.31, respectively (Figure 2A ). Depending on the values of x and P n and using the model P x /P 0 = (1 − x) β , the calculated β values equaled 1.19 ± 0.06 and 2.34 ± 0.09 in diseased male and diseased female leaves, respectively. The values of both x and β were higher in females than in males, which revealed that the relationship between photosynthesis and disease severity differed between the sexes in response to the same pathogen, M. larici-populina.
Comparison between sexes in pathogen quantities in vivo
We performed qPCR using the pathogen-specific primer pair for rDNA ITS. DNA from a healthy poplar was used as a negative control in qPCR. However, it did not show any fluorescent signal (data not shown), suggesting that this primer pair was fungal-specific. In the pathogen qPCR, the obtained C t values were 25.35 and 20.46, and the pathogen masses were 0.24 and 8.79 (μg g Fw ) in diseased males and diseased females, respectively ( Figure 2B) . Thus, the pathogen DNA mass in diseased females was almost 37 times higher than that in diseased males.
Comparison between sexes in superoxide radicals and hydrogen peroxide
Under control conditions, the production ratio of O Figure 3A and B).
Comparison between sexes in cellular damage
Under control conditions, REL was higher in males than in females, but the TBARS content showed no difference between the sexes. Under disease conditions, REL and TBARS contents increased in both diseased males and diseased fe- Table 1 . The gas exchange and chlorophyll fluorescence parameters and chlorophyll content in male and female leaves of P. cathayana under rust disease and control conditions; F s , sex effect; F d , disease effect; F s×d , sex and disease interaction effect. Different letters between columns denote statistically significant differences from each other at the P < 0.05 level. Each value is the mean ± SE (n = 10 leaves for gas exchange and chlorophyll fluorescence; n = 5 replicates for chlorophyll content). *0.01 < P ≤ 0.05; **0.001 < P ≤ 0.01; ***P ≤ 0.001; ns, nonsignificant; Fw, fresh weight. Figure 2 . The disease severity (A) and M. larici-populina DNA mass (B) in diseased male and female leaves of P. cathayana after 12 days of inoculation. The bars with different letters are significantly different from each other (P < 0.05). Each value is the mean ± SE (n = 10 leaves for disease severity; n = 5 replicates for M. larici-populina DNA mass). MD, diseased males; FD, diseased females; Fw, fresh weight. males compared with controls ( Figure 3C and D) , but diseased females exhibited higher REL and TBARS contents than did diseased males.
B
Comparison between sexes in enzyme activities
Under control conditions, the activities of SOD, POD and PPO were higher, while CAT activity was lower in males than in females. However, the APX activity showed no significant difference between the sexes. In females under disease conditions, the activities of SOD, POD, APX and CAT increased 1.32, 1.53, 2.06 and 1.47 times compared with control, while the PPO activity showed almost no change. In diseased males, compared with control, the APX activity exhibited less change, whereas the activities of SOD, POD, PPO and CAT increased 1.29, 1.78, 1.46 and 1.87 times, respectively (Figure 4 ). Interestingly, although the H 2 O 2 content increased in diseased males, AXP activity showed almost no increase.
Comparison between sexes in isozyme profiles
For SOD isozyme profiles, four bands (R f = 0.31, 0.54, 0.65 and 0.76) were observed in males and three bands (R f = 0.31, 0.54 and 0.65) in females (Table 2) . By specific inhibition assays, it was revealed that the band with R f of 0.31 resistant to KCN and H 2 O 2 represented Mn-SOD (the data not shown here). The three bands with R f of 0.54, 0.65 and 0.76 sensitive to both inhibitors were Cu/Zn-SOD; they were named as Cu/Zn-SOD I, II and III in order of increasing mobility ( Figure 5A ). Under control conditions, the activity of Cu/-Zn-SOD II was higher in females than in males. Interestingly, the isoform of Cu/Zn-SOD III was detected only in males. Compared with controls, the activity of Cu/Zn-SOD II increased in diseased females, while the activity of Cu/ Zn-SOD III increased in diseased males. In the diseased plants of both sexes, the enhanced activities of Cu/Zn-SOD isoforms were accordant with the increased total SOD enzyme activities.
Two APX bands were detected in females (R f = 0.50 and 0.60), but no bands were detected in either control or diseased males (Table 2 ). The activity of the band with R f of 0.6 increased after invasion by M. larici-populina, which was accordant with the increase in the APX enzyme activity in diseased females ( Figure 5B ).
Eight bands of POD isozymes were resolved in females and 10 in males. They were named POD 1, 2…11 in an order of increasing mobility (Table 2 ). However, POD 3 was undetected in control males, while POD 9, 10 and 11 were unde- tected in control females. The activities of four bands (POD 1, 5, 6 and 7) were higher in control females than in males. Under rust disease conditions, two band activities (POD 1 and 2) increased, and one band activity (POD 3) decreased in females. Meanwhile, four band activities (POD 1, 9, 10 and 11) increased in males. The isozyme of POD 3, which was not detected in control males, was detected in diseased males ( Figure 5C ).
For PPO isozymes, eight well-resolved bands were detected in females and 10 in males. They were named PPO 1, 2…12 in an order of increasing mobility (Table 2) . Four isoforms (PPO 3, 4, 11 and 12) were undetected in control females, and two (PPO 5 and 7) were undetected in control males. The activities of three isoforms (PPO 1, 8 and 9) were higher, and the activity of one isoform (PPO 6) was lower in females than in males. Under disease conditions, PPO 5 and 6 and PPO (E) in male and female leaves of P. cathayana under rust disease and control conditions. (MD, diseased males; FD, diseased females; MC, control males; FC, control females; F s , sex effect; F d , disease effect; F s×d , sex and disease interaction effect). The bars with different letters are significantly different from each other (P < 0.05). Each value is the mean ± SE (n = 5 replicates). Table 2 . SOD, APX, POD and PPO isoforms in male and female leaves of P. cathayana under rust disease and control conditions. The values are trace quantities (area × intensity) analyzed using the software Quantity One. Each value is the mean ± SE of three replicates. Different letters between columns denote statistically significant differences from each other at the P < 0.05 level. *0.01 < P ≤ 0.05; **0.001 < P ≤ 0.01; ***P ≤ 0.001. increased, but PPO 6 activity was undetected in diseased males ( Figure 5D ).
Discussion
Chlorophyll fluorescence, an indicator of the photochemical efficiency of PSII, can provide insights into the ability of plants to tolerate environmental stresses and into the extent to which stresses have damaged the photosynthetic apparatus (Roháček 2002) . F v /F m gives information about the electron flow through PSII and is an estimation of photosynthetic performance. Under stress, a decrease in the F v /F m ratio has been widely reported (Scholes and Rolfe 1996 , Bauer et al. 2000 , Aldea et al. 2006 , and its decrease could be an indicator of certain disorders in the electron transport chain of PSII. In this study, the decrease of F v /F m was greater in diseased males than in diseased females, which indicated that males suffered less than females from the damage in the electron transport chain of PSII. Diseased males possessed a higher SOD activity and a lower H 2 O 2 content than did diseased females, which could be a reason for the smaller decrease of F v /F m in diseased males. Additionally, the value of NPQ increased in diseased males. This could be considered as a better means of self-protection from stress. As NPQ reflects the dissipation of excessive energy to non-radiative pathways, its increase means a decrease in the transfer of captured excitation energy to PSII reaction centers and a limit in the amount of photo damage to the photosynthetic ap- paratus (Maxwell and Johnson 2000) . However, it is necessary to point out that, although we detect sex-specific differences in NPQ, all the NPQ values were quite low. This should contribute to the low light when these data were collected. Rust disease severity reflects the extent that the trees are infected by the pathogen (Bastiaans 1991) . Under the same growth conditions and inoculation time, female poplars showed a higher disease severity than did males, which indicated that females were less resistant to M. larici-populina than males, at least during the first rust cycle. Similar results have been reported also in willows (Åhman 1997) , in which females are more severely affected by rust than males during a non-reproductive stage. Pathogen invasion apparently inhibited photosynthesis. The degree of photosynthesis inhibition may be indicative of resistance to the pathogen. Existing literature suggests that P n has some relationship to disease severity (Bastiaans 1993 , de Jesus 2001 . The β parameter, which is derived from the model of P x /P 0 = (1 − x) β , has been used to connect net photosynthesis and rust disease severity in different hosts (de Jesus 2001 , Lopes and Berger 2001 , Robert et al. 2005 . Values of β greater than 1 are interpreted as an indication that the disease not only reduces the leaf area capable of photosynthetic activity but also affects photosynthesis in the surrounding green leaf tissue, and increasing β values represent increasing reduction in photosynthesis beyond the visible lesion area (Lopes and Berger 2001, Erickson et al. 2004 ). Thus, the sex-related difference in β values clearly showed that photosynthetic impairment was greater in females than in males. This phenomenon should contribute to the lower rust pustulecovered areas and higher antioxidant activities in diseased male leaves. Especially, qPCR, as a powerful tool to quantify pathogen amount, has been used to quantify the amount of leaf rust fungi in vivo using the ribosomal DNA ITS region (Gardes and Bruns 1993 , Boyle et al. 2005 , Rinaldi et al. 2007 . In this study, the results of qPCR clearly showed that the pathogen DNA mass was much lower in diseased males than in diseased females. This indicated that there was a possibility that far fewer spores were able to establish a successful colonization in the male tissue than in females. Additionally, we also found that there was some difference in sex-specific disease severity when one compared visual estimate (see from x values) to DNA mass estimate. Visual estimate presents the direct rust disease symptom, while DNA mass estimate reflects the extent of fungal growth in the plants. Thus, the difference of the two estimates indicates there is a complex process from pathogen invasion to the appearance of disease symptom. Previous studies have indicated that the differences in the ROS production of plants under stress are related to aging (Zimmermann and Zentgraf 2005) and to the origin of population or clone (Bernardi et al. 2004 , Lei et al. 2006 . In this study, we found that P. cathayana males had a higher inherent O 2 − production ratio than did females under control conditions. Under disease conditions, males possessed a higher O 2 − production ratio, while females possessed a higher H 2 O 2 content. Thus, the production and accumulation of ROS are also related to sex. Healthy male poplars have a higher O 2 − production ratio, implying that these trees are able to achieve a high degree of control over O 2 − toxicity. On the one hand, diseased males possess a higher SOD activity than diseased females when infected by leaf rust; thus, the increased O 2 − production ratio may cause less harm to males than to females. On the other hand, males seem to control H 2 O 2 levels more efficiently than do females, as a lower increase in H 2 O 2 took place in diseased males. The accumulation of ROS can cause oxidative stress in plants. Especially, membranes are highly sensitive to oxidative stress. An increase in TBARS (most reactivity originating from malondialdehyde) indicates the occurrence of membrane damage due to the peroxidation of polyunsaturated fatty acids, resulting from the generation of ROS and subsequent oxidative stress (Montillet et al. 2005) . In this study, rust disease increased REL and TBARS contents in both sexes. However, diseased males suffered from lower infection levels and showed higher antioxidant activities. REL and TBARS contents were also lower in diseased males than in diseased females. These results showed that male poplars are more efficient than females in controlling the damage caused by ROS. Our results are consistent with previous studies on dioecious trees, which have shown that males suffer less damage than do females under abiotic stresses (Hughes et al. 2000 , Dudley and Galen 2007 , Xu et al. 2008a , 2008b . Haustoria are among the hallmarks of true obligate biotrophic fungi, and they play an important role in the uptake of nutrients from the host, suppression of host's defenses and influence on host's metabolism. There is some evidence that, after the expanding haustorium invaginates the host's plasma membrane, the cytoplasmic membrane of the host enclosing the haustorial body and forming the so-called extrahaustorial membrane is modified and therefore no longer resembles a conventional plant plasma membrane (Voegele and Mendgen 2003) . This extra-haustorial membrane lacks ATPase activity, implying that the host cell would no longer be in control over solute fluxes (Baka et al. 1995) . Thus, this is probably another important reason for the increase in REL in diseased leaves, as M. larici-populina has finished at least one life cycle in the host after 12 days of infection.
Trees that have high antioxidant activities can protect their cells from the damage of superfluous ROS induced by environmental stress. In this study, we found that the total SOD activity increased and isozyme profiles changed in both diseased sexes, similarly as in poplars treated with O 3 (Gupta et al. 1991) and coffee trees infected with leaf rust (Daza et al. 1993 ). However, we also discovered that different sexes showed different SOD activities and isozyme patterns. A higher production ratio of O 2 − accompanied by a higher SOD activity but less cellular membrane damages in diseased males suggests that males possess a more effective mechanism to protect cellular membranes from the damage of O 2 − after being infected by M. larici-populina than do females.
CAT, POD and APX play important roles in plant cells in clearing up H 2 O 2 . In this study, the activities of POD and CAT increased, and their isoforms changed in the diseased leaves of both sexes. The variation of these isozyme profiles under control conditions is related to sexual differences, while changes in isozyme profiles under disease condition should be related to reactions to M. larici-populina invasion. Interestingly, the APX enzyme activity increased only in diseased females, and two isozyme bands were detected there. However, no APX isozyme band was detected in males. A likely reason is that in males most APX activity could be chloroplastic, whereas in females most APX activity could be cytosolic. Chloroplastic APX is more unstable (Asada 1999 , Mano et al. 2001 and is probably inhibited during the extraction and electrophoresis process. PPO can catalyze the hydroxylation of monophenols to quinones. The quinones may act in several ways leading to the protection of plants, such as inhibiting the growth of pathogens inside the cells, accelerating the death of plant cells close to the infection site and alkylating proteins to reduce the bioavailability of such proteins (Melo et al. 2006) . In this study, we found that males show a dramatically higher PPO activity than do females, especially in rust-infected leaves. Moreover, PPO and its isoform activities changed more dramatically in diseased males than in diseased females. These suggest that PPO may play an important role in defense and inhibition of pathogen growth in males because a higher PPO activity can enhance resistance to pathogen invasion (Melo et al. 2006 ).
In conclusion, the present results suggest that M. larici-populina infection is accompanied by oxidative stress. Under control conditions, males exhibited higher SOD, POD and PPO activities and a lower CAT activity. The two sexes showed different isozyme profiles. After 12 days of inoculation with M. larici-populina, females suffered more damage to the photosynthetic function and cellular membranes than did males, which was related to differences in antioxidant enzyme activities and isozyme patterns. Moreover, the analysis of disease severity and pathogen DNA mass indicates that males are more resistant to rust disease than females, at least during 12 days of inoculation. In all, this is the first report about differences in the antioxidant system between male and female poplar leaves under rust disease conditions. Our study contributes to a better understanding of the responses of P. cathayana males and females regarding the antioxidative processes related to leaf rust disease.
